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Hierarchical Self-Assembly of a Biomimetic Light-Harvesting Antenna
Based on DNA G-Quadruplexes
Nﬄria Sancho Oltra, Wesley R. Browne,* and Gerard Roelfes*[a]
Introduction
The light-harvesting complexes of the photosynthetic sys-
tems present in plants, algae, and certain bacteria are the
first stage in an intricate and elaborate mechanism to con-
vert light into chemical energy.[1] Many elegant covalently
assembled artificial light-harvesting systems have been de-
veloped to help understand the energy-transfer processes in-
volved.[2] The synthetic challenge that these systems present
is, however, in stark contrast to approaches that utilize self-
assembly and self-ordering to form functional artificial light-
harvesting antenna systems.[3] In this latter approach recent
studies have explored the use of biomolecular scaffolds.[4]
DNA is ideally suited to this approach, because it enables
the orderly and predictable modular assembly of DNA
strands bearing diverse functionalities, for energy transfer
and light-harvesting systems.[5,6] In particular, DNA G-quad-
ruplex structures are emerging as versatile scaffolds for
functional biomolecular systems, with applications in protein
assembly,[7] catalysis,[8] sensing,[9] and energy transfer be-
tween non-covalently bound donor and acceptor mole-
cules.[10] The G-quadruplex approach allows for the rapid as-
sembly of multiple chromophore ensembles with well-de-
fined spatial arrangements. Recently, Hamilton et al. have
reported DNA quadruplex systems that exhibit ultrafast
energy transfer between oligonucleotide-tethered pyropheo-
phorbides[11] and G-quadruplexes comprising of statistical
mixtures of three different chromophores.[12] The FRET pat-
terns of these mixtures were used for protein recognition.
Combined, these reports suggest the potential of using G-
quadruplex DNA for the construction of artificial light-har-
vesting systems.
Here we report a new hierarchical self-assembly approach
towards the assembly of a functional artificial light-harvest-
ing antenna system based on G-quadruplex formation, by
using coumarin (energy donor)-modified short oligonucleo-
tides, followed by supramolecular binding of a cationic por-
phyrin meso-tetrakis(4-(N-methylpyridinium-4-yl))porphyrin
(H2TMPyP4) (energy acceptor, Scheme 1), which has been
shown to stack at the ends of G-quadruplexes.[13] This
system demonstrates that a high degree of order can be ach-
ieved between multiple components through hierarchical
self-assembly in solution.
Results and Discussion
Synthesis and characterization of oligonucleotide–coumarin
conjugates : The oligonucleotide–coumarin conjugates were
synthesized by reacting 7-methoxycoumarin-3-carboxylic
acid N-succinimidyl ester with 5’ amino-modified oligonu-
cleotides d ACHTUNGTRENNUNG(GGGTT). The resulting conjugates, denoted *d-
ACHTUNGTRENNUNG(GGGTT), were purified by size exclusion chromatography
(yields were ca. 90%) and characterized by reversed phase
HPLC, MALDI-TOF, and ESI mass spectrometry (see the
Supporting Information for details). G-quadruplexes (*d-
ACHTUNGTRENNUNG(GGGTT)4) were assembled by thermal treatment of the
DNA/conjugate solution in a K+-containing buffer. The re-
sulting assembly was analyzed by circular dichroism spectro-
scopy (CD), which confirmed the formation of a parallel G-
quadruplex (Figure 1), thus supporting the conclusion that
the coumarins are located on the same side of the quadru-
plex.[9,12, 14]
As a negative control, a coumarin-modified dACHTUNGTRENNUNG(GTATT)
was prepared (*d ACHTUNGTRENNUNG(GTATT)). The coumarin-oligonucleotide
conjugate was synthesized, characterized, and subjected to
the hybridization protocol as described above for the quad-
ruplex-forming *dACHTUNGTRENNUNG(GGGTT) oligonucleotide. CD spectro-
scopy confirms that, as expected, a quadruplex does not
form (Figure 1).
Binding of the porphyrin H2TMPyP4 : The interaction of
H2TMPyP4 with the preformed coumarin- dACHTUNGTRENNUNG(GGGTT) G-
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quadruplex (*d ACHTUNGTRENNUNG(GGGTT)4) was monitored by UV/Vis ab-
sorption spectroscopy. Figure 2a shows the spectral changes
that occur upon addition of G-quadruplex to a solution con-
taining H2TMPyP4. A substantial bathochromic shift
(16 nm) as well as hypochromicity of the Soret band (59%)
is observed indicating that a p-stacking interaction between
the porphyrin and the G-quadruplex occurs.[13] This suggests
that the porphyrin binds by end stacking or intercala-
tion.[15,16] Although the binding mode of H2TMPyP4 to G-
quadruplexes remains an open question, external stacking at
the top or bottom ends of the quadruplex has been reported
to be energetically more favorable than intercalation.[13,17]
Both possible binding sites are within the Fçrster radius of
the coumarin moieties (ca. 15 nm) allowing for energy trans-
fer between the donor and acceptor moieties. The p-stacking
interaction is supported by the negative induced CD band at
440 nm observed in the presence of one equivalent of por-
phyrin with respect to the quadruplex (Figure 3).[18]
Notably, in addition to the induced CD observed for the
porphyrin there is a strong induced CD for the coumarin
component also at around 360 nm (Figure 3) that is not
present in the absence of H2TMPyP4. This indicates that
binding of the porphyrin results in a more defined orienta-
tion of the coumarin units that places them within the chiral
environment of the G-quadruplex and the orientation factor
Scheme 1. Coupling of amino-functionalized DNA with 7-methoxycou-
marin followed by DNA G-quadruplex (*d ACHTUNGTRENNUNG(GGGTT)4) formation and
binding of H2TMPyP4 to form a DNA-based artificial light-harvesting
antenna. Note that the binding position of H2TMPyP4 is depicted arbi-
trarily. E.T.=energy transfer.
Figure 1. Circular dichroism spectra of G-quadruplex-forming (*d-
ACHTUNGTRENNUNG(GGGTT)4) (d) and non-quadruplex-forming (*d ACHTUNGTRENNUNG(GTATT)) (c)
coumarin-modified sequences.
Figure 2. UV/Vis absorption spectra of H2TMPyP4 in a KCl buffer in the
presence of increasing amounts (0–2.3 equiv) of a) quadruplex
(*d ACHTUNGTRENNUNG(GGGTT)4) and b) coumarin-modified d ACHTUNGTRENNUNG(GTATT). Spectra are cor-
rected for dilution.
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k2 will deviate from 2/3, that is, a random distribution. How-
ever, given the proximity of H2TMPyP4 to the coumarin
units with respect to the Fçrster radius (15 nm, in which k2
is 2/3), then even if the more restricted orientation is less fa-
vorable, the observed energy-transfer efficiency will not be
reduced substantially.
The binding of H2TMPyP4 to the G-quadruplex was in-
vestigated by the method of continuous variation analysis
(Job plot, Figure S1, the Supporting Information). Although
these data do not allow for unambiguous assignment of the
binding stoichiometry, it can be concluded that >1 equiv of
H2TMPyP4 can bind, which is in agreement with observa-
tions reported previously.[13,17]
UV/Vis absorption spectral changes were also monitored
for the addition of coumarin-d ACHTUNGTRENNUNG(GTATT) to H2TMPyP4. The
slight bathochromic shift and the substantial hypochromicity
of the Soret band (65%) indicate that in this case the por-
phyrin also interacts with the coumarin-d ACHTUNGTRENNUNG(GTATT) oligonu-
cleotides (Figure 2b), although the resulting assembly does
not position the donor and acceptor molecules in the appro-
priate orientation for energy transfer to take place (see
below).
Energy-transfer experiments : The ability of the self-assem-
bled system to engage in efficient energy-transfer was inves-
tigated by fluorescence excitation spectroscopy (monitored
at the porphyrin emission at 671 nm). Since the emission
spectrum of 7-methoxycoumarin overlaps with the Soret
band of the absorption of H2TMPyP4, the system is expect-
ed to exhibit an energy transfer between the donor and ac-
ceptor molecules (see Figure S2 in the Supporting Informa-
tion). Addition of G-quadruplex (*d ACHTUNGTRENNUNG(GGGTT)4) to
H2TMPyP4 resulted in bands at 346 and 260 nm being ob-
served in the excitation spectrum, which are characteristic
of coumarin and DNA absorption (Figure 4a). This confirms
that energy transfer from the coumarin (donor) to the ac-
ceptor (H2TMPyP4) takes place. These results are in stark
contrast to the spectra obtained with the coumarin-d-
ACHTUNGTRENNUNG(GTATT) (Figure 4b). In this case, in the excitation spectra
monitored at the emission of the porphyrin, contributions
from the coumarin or DNA absorption spectra were not ob-
served. These data evidence that although there is an inter-
action between the porphyrin and the coumarin-d ACHTUNGTRENNUNG(TGATT)
oligonucleotides, a particular orientation between donor and
acceptor molecules is required to enable energy transfer.
This precise orientation is established only when the G-
quadruplex structure is formed.
Titration of the H2TMPyP4 with DNA-quadruplex *d-
ACHTUNGTRENNUNG(GGGTT)4 monitored by fluorescence excitation spectrosco-
py shows that the intensity of the pophyrin emission (at
671 nm) when excited at 346 nm (i.e. , at which absorption
by the coumarin unit occurs) is at a maximum at approxi-
mately 1 equivalent (Figure 5). Further addition of the quad-
ruplex resulted in a slight decrease in intensity that is tenta-
tively attributed to changes in the aggregation state of the
quadruplexes. These data show that, although multiple
equivalents of H2TMPyP4 can bind to the quadruplex, the
maximum energy-transfer efficiency is obtained at a ratio of
about 1:1. Thus, the system only requires a single bound-ac-
ceptor to operate at its highest effectiveness. With
Figure 3. CD spectrum in the absence (c) and the presence (b) of
H2TMPyP4. [*d ACHTUNGTRENNUNG(GGGTT)4]=32 mm, [H2TMPyP4]=32 mm.
Figure 4. Excitation spectra (at lem=671 nm) of H2TMPyP4 in a KCl
buffer in the presence of increasing amounts (0–2.3 equiv) of a) quadru-
plex (*d ACHTUNGTRENNUNG(GGGTT)4) and b) coumarin-modified d ACHTUNGTRENNUNG(GTATT). Spectra are
corrected for dilution
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0.69 equiv of DNA-quadruplex (*d ACHTUNGTRENNUNG(GGGTT)4), the efficien-
cy of the energy transfer was calculated to be 67 and 87%
from the DNA and the coumarin, respectively, which is only
slightly lower than that found for covalent coumarin por-
phyrin systems (95%).[19] Increasing the amount of quadru-
plex to >1 equiv resulted in slightly lower efficiencies (47
and 57% from the DNA and coumarin, respectively, at
1.15 equiv of quadruplex). This is most likely caused by the
fact that multiple H2TMPyP4 molecules can bind, in princi-
ple, to one quadruplex. At low quadruplex/H2TMPyP4
ratios, all quadruplexes have at least one H2TMPyP4 bound
and, hence, efficient energy-transfer occurs. Increasing the
amount of quadruplex will result in a distribution of quadru-
plexes with multiple equivalents, with one equivalent and
without H2TMPyP4 bound; overall, this will result in de-
creased energy-transfer efficiency.
Experiments with amino-modified G-quadruplexes that
did not bear tethered coumarins showed an increase of the
band at 260 nm in the excitation spectrum, but not at
346 nm (Figure S3, the Supporting Information). This dem-
onstrates that the band at 260 nm in the excitation spectrum
is due to energy transfer from the DNA to H2TMPyP4. Fur-
thermore, similar values in efficiency of the energy transfer
from the DNA were obtained in the presence and the ab-
sence of tethered coumarin (65% for 0.69 equiv of quad-
ruplex), confirming that the coumarins do not contribute to
the energy transfer at 260 nm excitation. It should be noted
that for the non-quadruplex-forming coumarin-d ACHTUNGTRENNUNG(GTATT)
energy-transfer from the DNA to H2TMPyP4 was not ob-
served (Figure 3b). This result can be understood by consid-
ering the fact that although the lifetime of the photoexcited
DNA bases is in the picosecond range, due to highly effi-
cient proton-transfer deactivation pathways, for example,[20]
in the G-quadruplex structure the excited state lifetime may
be much longer.[21] Hence, whereas extremely fast energy-
transfer is required in the case of the non-quadruplexed cou-
marin-dACHTUNGTRENNUNG(GTATT) system for the quadruplexed coumarin-d-
ACHTUNGTRENNUNG(GGGTT) system even relatively slow (<100 ps) energy-
transfer is sufficient to transfer energy to H2TMPyP4. In ad-
dition, the observation of energy transfer from the DNA
bases to the porphyrin further supports the hypothesis that
the porphyrins associate to the quadruplex through p-stack-
ing interactions.[16,22]
The data presented here demonstrate that the G-quadru-
plex structure *dACHTUNGTRENNUNG(GGGTT)4 is a suitable scaffold for the as-
sembly of an artificial light-harvesting antenna system. It
should be noted that the efficiency of energy transfer is not
related to the fact that more coumarin moieties are com-
bined: the presence of four coumarins is dictated by the
choice for a parallel G-quadruplex scaffold and simply in-
creases the overall absorbance in the 340 nm region of the
UV/Vis absorption spectrum. Indeed, the number of cou-
marins is most likely of less consequence to the efficiency of
energy transfer because the probability that two or more
coumarins would be excited at the same time and then
transfer their energy to the porphyrin acceptor is negligi-
ble.[19] Instead, binding of H2TMPyP4 to *d ACHTUNGTRENNUNG(GGGTT)4,
most likely by end-stacking at the top or bottom of the
quadruplex, places the acceptor in the proximity of the
donor chromophores. Both possible binding sites are within
the Fçrster radius of the coumarin moieties (see the Sup-
porting Information). However, a comparison with the non-
quadruplex-forming conjugate coumarin-d ACHTUNGTRENNUNG(GTATT) demon-
strates that interaction of the DNA with H2TMPyP4 by
itself is not enough to achieve energy transfer. Indeed, the
G-quadruplex scaffold is essential because it provides the re-
quired arrangement of donor and acceptor molecules to
enable the energy transfer to be competitive. Additionally, it
modifies the photophysical properties of the DNA itself al-
lowing for energy transfer from DNA to H2TMPyP4.
Conclusion
We have demonstrated here that a new modular artificial
light-harvesting antenna system can be formed through self-
assembly by using the remarkable structural properties of
the G-quadruplex motif. The key advantages of the present
G-quadruplex-based concept include its modular nature and
the ease of assembly, which will allow for rapid structural
variation and optimization. It is envisioned that this versatile
concept will be a prospective starting point for the design of
new energy-transfer arrays that are inherently complex sys-
tems, in which multiple interdependent organizational levels
are involved.
Experimental Section
Amino-modified oligonucleotides were purchased from Biotez Berlin, 7-
methoxycoumarin-3-carboxylic acid N-succinimidyl ester was purchased
from Sigma Aldrich, meso-tetrakis(4-(N-methylpyridinium-4-yl)) por-
phyrine p-toluenesulfonate (H2TMPyP4) was purchased from TCI
Europe. Reversed phase-HPLC analysis were performed on a Shimadzu
LC-10AD VP, Waters Xterra Prep MS C18 column (7.8150 mm, parti-
Figure 5. Fluorescence intensity at 346 nm with increasing amounts of the
quadruplex *d ACHTUNGTRENNUNG(GGGTT)4 (&) and the non-quadruplex-forming conjugate
coumarin-d ACHTUNGTRENNUNG(GTATT) (~).
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cle size 10 mm) by using a gradient of CH3CN/triethylammonium acetate
(TEAA) buffer (50 mm pH 7); gradient: 5:95 0 to 10 min, to 35:65 at
60 min, to 70:30 at 65 min; flow: 1 mLmin1) for coumarin-modified d-
ACHTUNGTRENNUNG(GGGTT); Waters Xterra MS C18 column (3.0150 mm, particle size
3.5 mm) by using a gradient of CH3CN/triethylammonium acetate
(TEAA) buffer (50 mm, pH 7); gradient: 5:95 0 to 10 min, to 3:65 at
60 min, to 70:30 at 65 min; flow: 0.5 mLmin1 for coumarin-modified d-
ACHTUNGTRENNUNG(GTATT). MALDI-TOF measurements were carried out using a Voyag-
er-DE Pro system (matrix: 20 mL of a solution of 2,4,6-trihydroxyaceto-
phenone (0.5m in ethanol) +10 mL of a solution of ammonium citrate di-
basic (0.1m in Milli Q water) +2 mL sample solution in Milli Q water).
Concentrations were determined using a Nanodrop ND-1000, Thermo
Scientific. UV/Vis absorption spectra were recorded on a JASCO V-660
UV/Vis Spectrometer at 25 8C. UV/Vis titrations and emission/excitation
studies were carried out using 1 cm pathlength quartz cuvettes. Fluores-
cence emission and excitation spectra were recorded using a JASCO FP-
6200 Spectrofluorimeter and are corrected for detector response and ex-
citation output. Circular dichroism spectroscopy was carried out using a
JASCO J-815 CD Spectrometer.
Synthesis of coumarin-DNA conjugates : A stock solution of 5’-propyl-
ACHTUNGTRENNUNGamino-modified oligonucleotide (364 mL of 200 mm in H2O) was mixed
with phosphate buffer (472 mL of 200 mm, pH 7.2). A stock solution of 7-
methoxycoumarin-3-carboxylic acid N-succinimidyl ester (120 mL of
30 mgmL1 in dimethylformamide) was then added to this solution. The
mixture was shaken overnight, centrifuged and the coupled product in
the supernatant was purified by size exclusion chromatography (Sepha-
dexTM G-25 DNA Grade, triethylammonium acetate (50 mm, pH 7)).
The product was analyzed by reversed phase-HPLC, MALDI-TOF, and
ESI MS (see the Supporting Information).
General procedure for the assembly of G-quadruplexes : The lyophilized
coumarin-DNA conjugate was dissolved in TrisHCl (10 mm) and KCl
(80 mm, pH 7.3) buffer to obtain a solution of G-quadruplex (32 mm,
128 mm of conjugate). The solution was warmed to 93 8C for 15 min and
then cooled slowly to room temperature. The solution was stored at 5 8C
for 48 h.
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